Mountain regions with complex orography are a particular challenge for regional climate simulations. High spatial resolution is required to account for the high spatial variability in meteorological conditions. This study presents a very high-resolution regional climate simulation (5 km) using the Weather Research and Forecasting Model (WRF) for the central part of Europe including the Alps. Global boundaries are dynamically downscaled for the historical period 1980-2009 (ERA-Interim and MPI-ESM), and for the near future period 2020-2049 (MPI-ESM, scenario RCP4.5). Model results are compared to gridded observation datasets and to data from a dense meteorological station network in the Berchtesgaden Alps (Germany). Averaged for the Alps, the mean bias in temperature is about −0.3°C, whereas precipitation is overestimated by +14% to +19%. R 2 values for hourly, daily and monthly temperature range between 0.71 and 0.99. Temporal precipitation dynamics are well reproduced at daily and monthly scales (R 2 between 0.36 and 0.85), but are not well captured at hourly scale. The spatial patterns, seasonal distributions, and elevation-dependencies of the climate change signals are investigated. Mean warming in Central Europe exhibits a temperature increase between 0.44°C and 1.59°C and is strongest in winter and spring. An elevation-dependent warming is found for different specific regions and seasons, but is absent in others. Annual precipitation changes between −4% and +25% in Central Europe. The change signals for humidity, wind speed, and incoming short-wave radiation are small, but they show distinct spatial and elevation-dependent patterns. On large-scale spatial and temporal averages, the presented 5 km RCM setup has in general similar biases as EURO-CORDEX simulations, but it shows very good model performance at the regional and local scale for daily meteorology, and, apart from wind-speed and precipitation, even for hourly values.
Introduction
The rapid development of climate change and its effects have recently raised worldwide attention with IPCC's "Special Report on the Ocean and Cryosphere in a Changing Climate" [1] . Mountain regions are thereby subject to particularly fast environmental changes and likely to be more vulnerable in the expected consequences for ways of life [2] . Several dynamical downscaling experiments have been conducted to assess model performances and climate change signals for Europe and the Alps, e.g., PRUDENCE [3] , ENSEMBLES [4] , and EURO-CORDEX [5, 6] . Gobiet et al. [7] stress that state-of-the-art regional climate models (RCM) are in general able to reproduce the main characteristics of the Alpine climate, but still exhibit important biases in the simulations. Kotlarski et al. [6] identified substantial deficiencies with typical area mean biases of ±1.5°C in temperature and ±40% in precipitation together with systematic wet, cold, and dry biases for various parts of Europe in the ERA-Interim driven EURO-CORDEX RCM simulations. For the Alps, Smiatek et al. [8] state seasonal ensemble mean temperature biases ranging from −0.8°C to −1.9°C, and the respective mean precipitation biases from +14.8% to +41.6%, while the bias of single models can be much larger.
Climate change signals until 2100 have been derived from the EURO-CORDEX simulations by Jacob et al. [9] for Europe and by Smiatek et al. [8] for the Alps. Jacob et al. [9] assessed an increase of the annual mean temperature for 2071-2100 compared to 1971-2000 in the range between 1.9°C and 3.4°C for the Alps. Annual mean precipitation is assessed to increase from 4% to 8%. Smiatek et al. [8] state an ensemble mean increase in the seasonal mean temperature of 2.5°C in fall and winter, 2.4°C in summer, and 1.9°C in spring for the same time period in the Alps. Mean seasonal precipitation is calculated to increase up to 12.3% in winter and 5.7% in spring with only small changes of +2.3% in fall and −1.7% in summer, whereas Giorgi et al. [10] show an increase in summer precipitation over high elevations in the Alps due to an increase in convective rainfall.
Meteorological conditions in mountain regions are characterized by very small-scale variations in space and time, urging for high resolution in any attempt to model environmental processes that depend on weather variables or climate. E.g., the application of hydrological or ice melt models in Alpine terrain requires proper consideration of convective precipitation processes including phase transition, upwind/downwind-effects on wind speed and snow redistribution, or topographic shading (e.g., [2, 11, 12] ). In climate change impact research, respective coupled model simulations are an important approach to determine the consequences of a changing climate on the investigated system. Stakeholders like policy makers, planners or community representatives rely on such scenario predictions as basis for the decision making processes. Besides the general benefits of high-resolution RCM data for regional and local climate impact studies, Prein et al. [13] emphasize the need for high-resolution RCM simulations by showing an improved representation of precipitation statistics in the 0.11°EURO-CORDEX simulations compared to the 0.44°resolution, particularly for complex terrain such as in the Alps. Recent efforts exist in establishing high-resolution, convection-permitting, long-term simulations, e.g., by Ban et al. [14] , Leutwyler et al. [15] , Coppola et al. [16] , Knist et al. [17] , and Kendon et al. [18] . An overview of these efforts is given by Prein et al. [19] . Because of the high computational demand when performing long-term RCM simulations at continental scale in very high resolutions, a realisation of a large ensemble experiment is not yet feasible [13] .
The presented work complements the available, lower resolution RCM ensemble simulations with a long-term RCM simulation in 5 km resolution. From beyond this resolution, simulations will be convection permitting, but extremely demanding in their computational requirements. The aim of this study is to assess the performance and benefits of the available 5 km resolution WRF RCP4.5 simulation in a detailed validation effort at various spatial and temporal scales for different meteorological target variables. Hereupon follows a comprehensive analysis of the resulting regional and seasonal patterns of the simulated climate change signal which corresponds to the RCP4.5 scenario. The duration and high resolution of the RCM simulation allows a detailed and unique assessment of the elevation-dependency of the climate change signal. The 5 km resolution describes the Alpine terrain in significantly higher detail than lower resolved RCM simulations, e.g., the EURO-CORDEX ensemble. Much evidence has been documented in the recent past that the rate of climate change induced temperature increase is amplified in high altitudes, i.e., in the mountain regions of the world [20] [21] [22] . Therefore, the mechanisms that contribute to this phenomenon are briefly explained, and corresponding trends in the model results are analysed. Aim of the presented dataset is to contribute another piece to the puzzle in supporting the climate change impact research community with appropriate forcing data for environmental models, and as such stimulate mutual cooperation between the involved disciplines.
The article is structured as follows: Following this introduction, Section 2 presents the investigation areas. The RCM WRF and setup, the global forcing data, as well as the observation data used in the study are described in Section 3. The results section is divided into three parts: Section 4.1 presents the model performance at the regional scale, followed by the RCM performance at the local scale (Section 4.2), and the climate change signals, including their elevation-dependency (Section 4. 3 ). An assessment of the presented study in the light of EURO-CORDEX results and conclusions follow in Section 5.
Investigation Area
The focus of the study is on three different regions and spatial scales ( Figure 1 , bottom left). The first investigated region comprises large parts of Central Europe, Germany and the Alps (RG1). The validation for this region is based on the E-OBS dataset [23, 24] , which is provided in a spatial resolution of 0.25°(approx. 28 km). The second focus area are the Alps (RG2) where different observation datasets in a resolution close to the model target (5 km) are used in addition to E-OBS, which are HISTALP (0.083°, approx. 9 km, [25, 26] ), and the Alpine precipitation grid dataset (EURO4M-APGD, 5 km, [27] ). The third area are the Berchtesgaden Alps in South-East Germany (RG3). The region was chosen as target validation site, as a unique network of meteorological stations covering an elevation range from 491 to 2522 m above sea level (ASL) is available (Section 3.3). Further details about the different observation data are given in Section 3.3. Figure 1 shows the three investigated regions: 
Materials and Methods

The WRF Model and Setup
The regional climate simulations are performed with the Weather Research and Forecasting (WRF) model [28] in the version WRF-ARW 3.6.1 in its non-hydrostatic mode.
WRF offers multiple physics schemes for microphysics, cumulus, radiation, planetary boundary layer, and land surface process parameterization. The applied setup uses the following main physical options for all three nests: the WRF Single-Moment 6-class scheme (WSM6) microphysical parametrization [29] , the Grell-Freitas scale-aware scheme for convective parametrization [30] , the Noah land surface model [31, 32] , the Yonsei University (YSU) parameterization for the planetary boundary layer [33] , and the RRTMG short-wave and long-wave radiation schemes [34] . This configuration was chosen by evaluating several combinations for the year 2008 and using the ERA-Interim reanalysis as boundary condition (not shown here), closely following Katragkou et al. [35] , and Garcia et al. [36] who evaluated multi-physics hindcast ensembles using WRF with a spatial resolution of 0.44°. Wagner et al. [37] used the same model setup to investigate the influence of grid spacing and convective parametrizations on the simulation of precipitation and showed that the 5 km grid spacing together with the scale-aware Grell-Freitas cumulus scheme is able to adequately capture the spatio-temporal variability of precipitation. The targeted high spatial resolution requires a nested approach with three domains (Figure 1 ). The setup uses the following number of grid cells in east-west and south-north direction: 122 × 109 for Domain 1 (D1, ∆x/∆y = 45 km), 190 × 202 for Domain 2 (D2, ∆x/∆y = 15 km) and 247 × 286 for Domain 3 (D3, ∆x/∆y = 5 km). For all three domains, 42 vertical layers are used. For the reanalysis simulation, the domain D1 is not implemented due to the higher spatial resolution of the ERA-Interim driving data (approx. 75 km) compared to the CMIP5 MPI-ESM data (approx. 180 km). Model results are presented for the domain D3 with the target resolution of 5 km [38] .
Global Forcing Data and Simulations
Three 30-year long model runs were conducted within this study: (a) a reanalysis-driven simulation (1980-2009), (b) a historic control simulation , and (c) a future scenario simulation (2020-2049, scenario RCP4.5). For each model run, one additional year for model spin up time was performed. WRF was driven by the ERA-Interim data [39] and the CMIP5 MPI-ESM model [40, 41] . The future climate simulation (2020-2049) is based on the IPCC AR5 emission scenario RCP4.5 [42] . The reanalysis-driven simulation is used to investigate the model performance in climate mode for the target regions (Sections 4.1 and 4.2). A comparison of model results between control and scenario run allows the assessment of simulated climate change signals (Section 4.3).
Observation Data
Different raster-based observation datasets are used for the validation of the model setup. These are the gridded datasets E-OBS [23, 24] , HISTALP [25, 26] , and the Alpine precipitation grid dataset EURO4M-APGD [27] . They are provided in different spatial resolutions of 0.25°(approx. 28 km) for E-OBS, 0.083°(approx. 9 km) for HISTALP, and 5 km for EURO4M-APGD. Monthly data for 1980-2009 (HISTALP), as well as daily and monthly data for 1980-2009 (E-OBS) and 1980-2008 (EURO4M-APGD) are used. E-OBS and HISTALP provide temperature and precipitation, whereas EURO4M-APGD only provides precipitation. The different spatial resolutions and coverages of the datasets enable the model validation at different scales. E-OBS data is used for the validation in Central Europe (RG1). All three gridded observation datasets are applied in the comparisons for the Alps (RG2). For the Berchtesgaden Alps (RG3), only the highest resolution datasets are used, which is HISTALP for temperature and EURO4M-APGD for precipitation.
Besides, measurements of a unique network of automated meteorological stations in the Berchtesgaden Alps are used for the model validation at the point scale. The network consists of 20 meteorological stations, which provide hourly values of the main meteorological variables. The stations are distributed in the complex terrain in a high spatial density and cover a large elevation range from 491 to 2522 m ASL. Six of the stations are situated in Austrian territory and operated by the Austrian Central Institute for Meteorology and Geodynamics-ZAMG. The stations in German territory are operated by the Berchtesgaden National Park Administration, the Administration Union of the Berchtesgaden-Koenigssee Region, the Bavarian Avalanche Warning Service-LWD Bayern, and the German Weather Service-DWD. Details about the station network are discussed by Marke et al. [43] and Warscher et al. [44] . This dense station network facilitates a validation of the high-resolution model results in the complex, mountainous target region RG3. Station measurements of temperature, humidity, wind speed, short-wave radiation, and precipitation are used. All data were sampled every 10 s and recorded every 10 min. Recordings are then aggregated to hourly, daily, and monthly values (i.e., average for temperature, humidity, wind speed, short-wave radiation, and atmospheric pressure; total for precipitation). Records for the period from 2001 to 2009 are used in this study.
Results and Discussion
Performance of WRF (Forced by ERA-Interim) in Reproducing Regional Temperature and Precipitation Characteristics
To validate the model performance in reproducing meteorological conditions at the climate scale, model output fields from the reanalysis-driven WRF simulation of temperature and precipitation are compared to the gridded observation data in the study regions RG1, RG2, and RG3 for a 30-year time period . For this comparison, the model results have been bilinearly interpolated to the respective resolution of the observation dataset following the example of existing studies, e.g., Katragkou et al. [35] , and Smiatek et al. [8] . Figure 2 shows the average temperature bias in RG1, RG2, and RG3 when the WRF model results are compared to E-OBS and HISTALP observation data, respectively. The simulation shows a mean cold bias of −0.27°C for RG1, −0.28°C for RG2, and −0.72°C for RG3. The slightly visible geometric pattern in the small region of RG3 is partly caused by the remapping procedure. As clearly discernable in Figure 2 , the cold bias is predominantly found in the higher elevated regions in the Alps (up to −6°C), whereas lower elevated regions in Southern Europe show a small warm bias. Over large parts of RG1 (Central Europe/Germany), the temperature bias is very small. The spatial distribution is similar and the range of the biases is nearly constant over all seasons. The warm bias in Southern Europe is more pronounced in winter (DJF) and fall (SON) than on annual average or in spring and summer. The range and spatial distribution of the temperature bias is in line with the model results of EURO-CORDEX reported by Smiatek et al. [8] and Kotlarski et al. [6] . Figure 3 presents the mean annual temperature cycle for the simulation and the observation datasets, and the monthly model bias averaged over RG1, RG2, and RG3. The annual cycle is generally very well reproduced by the model in all regions. In RG1, the small cold bias is mostly evenly distributed over all months of the year apart from a small warm bias in September and October (up to +0.22°C). The largest cold bias appears in the winter months December, January, and February with a negative maximum of −0.61°C in December. Averaged over RG2, the cold bias is up to −0.76°C (Figure 3 , June, compared to HISTALP) and again evenly distributed apart from the fall months. In October and November, there is a small warm bias when the model is compared to HISTALP data. In RG3, there is a cold bias of −1.5°C in February and March. For the rest of the year, there is a smaller cold bias between −0.3°C and −1.0°C except for October, where a warm bias of 0.22°C is found. The mean annual precipitation amounts in RG2 for the two WRF reanalysis simulations (15 km, D2, and 5 km, D3) and the EURO4M-APGD observation dataset (both 1980-2008) are shown in Figure 4 . A positive precipitation bias in the 5 km simulation in the high elevated regions is clearly visible. This bias is less pronounced in the 15 km simulation. Nevertheless, the spatial structures of the precipitation field including small-scale mountain-valley systems are better represented in the 5 km model domain than in the 15 km resolution. This is reflected by the spatial pattern correlation coefficients between the simulations and the observation dataset which are 0.70 for the 15 km resolution, and 0.82 for the 5 km domain, respectively ( Figure 4 ). The high model resolution of 5 km allows resolving these major features. In the Alps, wet biases often prevail in RCM simulations, reported by e.g., Katragkou et al. [35] and Warrach-Sagi et al. [45] . They may partly be attributed to general uncertainties in the observation datasets, especially to precipitation gauge undercatch [6, 46, 47] , which are reported to be up to 80% in mountainous regions [48] . The reason for a wet bias in the summer months is often found in an overestimation of convective precipitation events by the respective cumulus parametrization of the RCM [47, 49, 50] . Percentage differences in mean annual and seasonal precipitation totals 1980-2009 (1980-2008 for EURO4M-APGD) between model and observation products are shown in Figure 5 . In RG1, there is a mean overestimation of annual precipitation (wet bias) of +27%. The wet bias is the largest in high elevated areas in the southern Alps with values of up to +150%. A negative annual bias of −50% occurs in the South-Western Alps. Over large parts of RG1, especially over low elevated regions north of the Alps, the difference between model and observation is relatively small (from approx. −15% to +20%). Averaged over the Alpine region (RG2), the mean wet bias is +14% (HISTALP), and +19% (EURO4M-APGD), respectively. There is an underestimation of annual precipitation of up to −50% in inner Alpine valleys and in the Po valley region in Northern Italy (central south areas of RG2). When comparing the seasonal differences in Figure 5 , an anomaly in the bias is seen during fall (SON) where precipitation over the Alps is underestimated by −10% to −80%. During spring (MAM) and summer (JJA), there is a large wet bias over the whole region RG1 (+53% in summer). The overestimation of precipitation in the Alps (RG2) is mainly occurring in high elevations in winter (DJF) and spring (MAM), whereas there is an underestimation in the Southern Alps and Southern Europe, which might be connected to the warm bias in these region mentioned above. The percentage differences in precipitation 1980-2008 between EURO4M-APGD and the RCM over RG3 are shown in the bottom row of Figure 5 . The mean annual bias is +29% over RG3, with the largest overestimations during spring (+52%) and summer (+37%). The mean seasonal biases in winter and fall are smaller with +12% for DJF and a dry bias of −11% for SON. Figure 6 shows the mean annual precipitation cycle for the WRF simulations (15 km/5 km) and the observation datasets, and the monthly model bias for the 5 km simulation averaged over RG1, RG2, and RG3. The range of the black lines in RG2 shows the differences between the three observation datasets (E-OBS, HISTALP, and EURO4M-APGD) over the Alps. In RG1, only E-OBS data is available and in RG3, only the hight resolution EURO4M-APGD data is shown. In addition, results of several members of the EURO-CORDEX ensemble simulations (horizontal resolution: 0.11°, approx. 12 km) that have been analysed by Smiatek et al. [8] are shown for RG2 and RG3. Over all regions RG1, RG2, and RG3, it is clearly visible that the mean model wet bias is produced by an overestimation of precipitation during the spring and summer months. In June and July, the monthly precipitation difference between model and observation is up to +50 mm/+70 mm, depending on the observation dataset and investigation region. The wet bias in summer is mainly caused by an overestimation of convective precipitation events by the cumulus parametrization. This can be seen when analysing the partitioning of the model results in grid-scale and parametrized convective precipitation (not shown here). In contrast, precipitation is very well reproduced in the fall and winter months independent of region and reference data. In RG2, there is a slight underestimation of precipitation in October and November of approx. −20 mm. In RG3, the comparison is limited to EURO4M-APGD having the same spatial resolution of 5 km as the model fields. The mean seasonal precipitation cycle is well reproduced by the model in RG3. The deviations show similar patterns as in RG1 and RG2 with overestimated precipitation in spring and summer, and differences close to zero in winter and fall.
To assess the model performance in simulating precipitation intensities, daily precipitation totals are analysed and compared to E-OBS data in RG1 and to EURO4M-APGD data in RG1 and RG2 ( Figure 7 ). The probability density functions (PDFs) of precipitation intensities for intervals of 1, 3, 5, and 10 days are compared. Precipitation intensities < 0.1 mm/d have been removed from the model and observation data to avoid overrepresentation of very small intensities that occur when averaging over a large region. To compare the results for the differently sized regions and aggregation time scales, the PDFs are calculated using 20 bins for each value range which results in differently sized classes for the precipitation intensities. The respective bin spacing for the domains and time aggregation scales are listed in the caption of Figure 7 . Regarding intensities at a daily time scale, the PDF of simulated precipitation matches the PDF of the measured data very well in RG1 with even smaller deviations in RG2 and RG3. The model is able to realistically simulate the distribution of intensities of daily precipitation events. The curves for larger time aggregation scales (3-to 10-daily precipitation intensities) show a tendency of the model to overestimate the probability of higher intensities with corresponding underestimation of lower intensities. This effect is more pronounced in RG3 than in RG2. Summarising, mean temperatures are simulated in very close accordance to the observation datasets for the three regions. While there is a cold bias in high-elevated regions of the Alps, the mean annual cycle is captured very well. For precipitation, a wet bias occurs mainly over the Alpine region and during the spring and summer months. Winter precipitation is well reproduced by the model in RG1, RG2, and RG3. Daily modeled precipitation intensities are close to the observations, whereas for 3to 10-daily intensities a slight overestimation of high intensities and underestimation of low intensities are found. 
Local Scale Performance of WRF (Driven by ERA-Interim) in Reproducing Hourly, Daily, and Monthly Station Data
To validate the model at the local scale in high temporal resolution, hourly data of a dense station network in the Berchtesgaden Alps are used. The focus is on the meteorological variables air temperature (T), precipitation (P), relative humidity (HUM), incoming short-wave radiation (SW rad.), and wind speed (WS). The respective model grid cell values are directly compared to the corresponding station. The differences in elevation between the model cells and the respective stations are listed in Tables 1 and 2. Figure 8 illustrates these differences. Besides the elevation offset, there are other resolution-and input data-dependent differences between the model cell and the location of the station such as aspect, shading, slope, and land cover. Being a meteorologically important factor, the elevation offset serves as an indicator for the local resolution-dependent model cell-station differences, but not necessarily represents or is correlated to the other ones. There are several methods to correct elevation-dependent biases before a comparison, e.g., by applying constant lapse rate corrections [17] . Because of the named other important local characteristics, these corrections are waived here, and instead, occurring differences are discussed in the validation. Modeled and measured data are compared for the period 2001 to 2009. The results for all stations of the observation network in RG3 are systematically analysed by displaying R 2 values based on hourly, daily, and monthly aggregated data (Table 1) , accompanied by the respective RMSE values ( Table 2 ). It has to be considered that the model was driven by 6-hourly ERA-Interim reanalysis data, and therefore internal model variability can influence the model results, especially when analysing daily and hourly results. For precipitation, the mean percentage bias (PBias) is given in Table 2 . The following section exemplarily discusses results at the station Loferer Alm (Figures 9-12 ). The station is chosen because it reflects the general model performance characteristics of the RCM simulation in the station scale validation (performance statistics for all 20 stations in RG3 are presented in Tables 1 and 2 ). The left column in Figure 9 Table 1 ). The RMSE for temperature at this station is 3.07°C for hourly, 2.20°C for daily, and 1.06°C for monthly data ( Table 2) . Temporal temperature dynamics are well reproduced by the model for all stations with R 2 ranging from 0.69 for hourly values at the station Funtenseetauern to 0.99 for monthly values at Salzburg Flughafen, with most values being between 0.8 and 0.95. However, it has to be considered that all values were calculated without removing annual or daily mean cycles. When removing the mean annual cycle, R 2 values for monthly temperature range from 0.70 to 0.89 (not shown in Table 1 ). The mean RMSE value for temperature for all stations is 3.28°C for hourly, 2.37°C for daily, and 1.57°C for monthly values. The right column in Figure 9 shows the respective comparison of precipitation amounts. The measured annual cycle with the maximum precipitation in summer and the minimum in winter is generally well captured by the model. Also the measured interannual variability is visible in the model output, e.g., the precipitation peak in July 2002, and the following dry summer of 2003. The above mentioned overestimation of precipitation is also present at the station scale. The hourly values reveal that this is mainly produced by large modeled precipitation events at a very short time scale caused by an overestimation of convective precipitation events by the respective parametrization. This model behaviour was also reported for several RCMs by e.g., Pieri et al. [49] , and Frei et al. [47, 50] . However, also the reversed situation can often be observed, where events with high precipitation intensity in the measurements are not captured by the model. Figure 10 shows modeled and measured data of precipitation and temperature in a scatter plot. The top row (Figure 10a-c) shows a very good agreement of modeled and measured temperature for hourly (R 2 = 0.87), daily (R 2 = 0.93), and monthly (R 2 = 0.98) aggregated data. Figure 10d) shows the discrepancies of hourly precipitation and a poor model performance of R 2 = 0.09 with an RMSE of 0.77 mm/h (Table 2) . However, when analysing daily and monthly precipitation amounts, the model shows an acceptable performance with R 2 values of 0.47 (RMSE = 7.21 mm/d), and 0.56 (RMSE = 61.05 mm/mon), respectively. Similar results are obtained for all stations of RG3 (Table 1) where R 2 is between 0.05 and 0.10 for hourly, 0.45 for daily, and ranging up to 0.85 for monthly data. Because of showing the totals for the respective time step intervals and not unifying them to e.g., mm/d, the RMSE for precipitation is higher for larger time intervals in Table 2 , but lower when scaling it to equal intervals. The average RMSE for all stations is 0.72 mm/h = 17.3 mm/d = 527 mm/mon (hourly data), 0.30 mm/h = 7.1 mm/d = 216 mm/mon (daily data), and 0.09 mm/h = 2.1 mm/d = 64 mm/mon (monthly data). The percentage bias in precipitation at the stations varies between −7% to +85% with an average of +37% for all stations (Table 2) . Overall, the precipitation bias is less pronounced at the stations in RG3 than at the regional scale when using gridded observation datasets (Section 4.1). Here, the mean annual bias in RG3 ranges from −17% to +118% when comparing the model to EURO4M-APGD data ( Figure 5 ). However, the spatial mean bias (+29%) is smaller than the station mean bias (+37%). It is noted that time periods and elevations are not consistent in the comparison. In Figure 11 the previous analyses are extended to relative humidity and wind speed at the station scale. Relative humidity (Figure 11a -c) is slightly overestimated by the model. However, the fluctuations in relative humidity are well captured at all time aggregation scales. R 2 is between 0.09 and 0.53 for hourly, between 0.20 and 0.71 for daily, and between 0.05 and 0.67 for monthly data.
The hourly values reveal that the station measurements never reach 100% saturation which seems to be a systematic measurement error at the station. RMSE for humidity at the hourly scale is between 12.29% and 18.05%. When analysing daily and monthly data, RMSE is significantly reduced to 9.65% (daily), and 4.36% (monthly) on average.
Wind speed is underestimated by the model at the presented station with values for RMSE of 1.03 m/s (hourly), 0.61 m/s (daily), and 0.21 m/s (monthly). The underestimation can possibly explained by-besides the elevation offset-local terrain characteristics, which are not necessarily resolved in the model due to the given resolution. The measured peaks in wind speed are simulated by the model with a correct timing. R 2 is 0.28 for hourly, 0.57 for daily, and 0.77 for monthly wind speed data. The performance at the different stations shows a mixed picture, resulting in an average RMSE for all stations of 1.42 m/s (hourly), 1.0 m/s (daily), and 0.45 m/s (monthly). R 2 values are on average 0.15 (hourly), 0.30 (daily), and 0.29 (monthly). The general wind speed conditions are well reproduced by the model, which is reflected by the small RMSEs for all stations. However, wind speed at the single stations strongly depends on the local, small-scale terrain characteristics, which are not necessarily resolved by the 5 km model resolution. Therefore the model shows strong performance at some stations, e.g., at the presented station Loferer Alm, while performing weakly at at others (e.g., at the station Schoenau).
Values for incoming short-wave radiation are presented in Figure 12 . The performance in reproducing short-wave radiation is consistently very good. Daily, as well as intra-and interannual fluctuations are well reproduced by the model simulation. Mean R 2 is 0.61, 0.70, and 0.91 for hourly, daily, and monthly data. While RMSE is rather large for hourly values with 158 W/m 2 , it is reduced to 52 W/m 2 for daily, and 23 W/m 2 for monthly data. Summarising the performance at the local scale in RG3, the following is concluded: 
Climate Change Signal of the RCM Simulations
In the following section, results from the climate simulations are analysed to assess potential climate change signals until 2050 with the focus on particular regional, seasonal, and elevationdependent effects in the three investigated regions. Possible changes for temperature, precipitation, mean wind speed distribution, incoming short-wave radiation, and relative humidity are explored. Results for the near future scenario period 2020-2049 (RCP4.5) are compared to the historic control period . Until the mid-century, differences in the radiative forcing between the RCP scenarios are rather small [42] , and projected temperature changes of the available RCPs don't yet differ largely in this period (from 0°C difference in global mean temperature change between RCP2.6 and RCP8.5 in 2020 to 0.7°C difference in 2050 when compared to the reference period 1986-2005 [51] ). Other than lower resolved RCM simulations, the 5 km WRF simulation allows for resolving exemplarily the distinct spatial patterns in the climate change signal, and the analyses are consequently extended to the various important meteorological variables listed above. Further, we analyse the elevation-dependency of temperature and of precipitation, as well as precipitation intensity.
The mean annual differences for temperature, precipitation, humidity, wind speed, and shortwave radiation are presented in Figure 13 for all three investigation regions. In addition, Table 3 shows regional minimum, maximum, and average differences for the meteorological variables in the three investigation areas RG1, RG2, and RG3 on annual and seasonal basis. The results are discussed in the following sections for each variable separately. Table 3 . Areal minimum, maximum, and average differences between scenario and control run for the variables temperature, precipitation, humidity, wind speed, and short-wave radiation in the three investigated regions RG1, RG2, and RG3. 
Temperature
The projected changes 2020-2049 (scenario RCP4.5) compared to 1980-2009 ( Figures 13 and 14 ) reveal a consistent warming for all seasons and regions ranging from an absolute minimum of +0.21°C over larger water bodies (lakes) in the Alps to an absolute regional maximum of +2.27°C in small parts of the South-Western Alps both during the fall season (SON). The annual minimum apart from these lakes is +0.5°C, whereas the annual maximum is approx. +1.6°C warming. The average warming over RG1 is projected to be +0.9°C. Berg et al. [52] and Wagner et al. [53] found similar results in 7 km RCM simulations for Germany with the temperature increase ranging from +0.8°C to +1.3°C with an average of +1.1°C for the same scenario and control periods (but only including the German part of the Alps).
Distinct seasonal differences are found in the warming signal ( Figure 14 and Table 3 ). The seasonal maximum in warming occurs in winter (DJF) for RG1 (+1.13°C) and RG2 (+1.15°C). In RG3 (Figure 14, bottom row), the warming is on average significantly larger during spring (MAM, +1.41°C) than in the other seasons. A notable minimum in the seasonal warming is found all for regions in fall, with an average warming of +0.64°C in RG1, +0.68°C in RG2, and +0.61°C in RG3 (Table 3 ). Figure 14 shows that the general trend of the warming is increasing with elevation. However, this amplification is variable, both regionally and seasonally. These patterns are further discussed in Section 4.3.6. Figure 15 shows the projected annual and seasonal changes in precipitation in absolute ( Figure 15 , first and second row) and relative amounts ( Figure 15 , third and last row). The overall values range from −70 mm in summer (JJA) precipitation in a small region northeast of the Alps, and −13% in relative change during spring in Northern parts of Germany to +331 mm increase in winter precipitation in high elevated regions in the Western Alps, and +67% increase in spring and summer south of the Alps with a maximum over the Adriatic Sea. Changes in mean annual precipitation are projected to be on average +83 mm/year (+6%) in RG1, +155 mm/year (+10%) in RG2, and +169 mm/year (+8%) in RG3 (Table 3 ). However, the overall projected average increase in precipitation is more differentiated when analysing the seasonal patterns ( Figure 15 and Table 3 ). The projected increases in precipitation are the highest in winter and fall, while during summer, precipitation is unchanged or slightly decreasing over parts of RG1, mainly north of the Alps. In winter and summer, a clear increase of the precipitation change signal with elevation can be identified over the Alps, while in the other seasons, there is no such relation. The elevation-dependency of precipitation change is further discussed in Section 4.3.6. Precipitation is unchanged during summer in RG3 on average, but slightly decreasing in southern, high-elevated parts of the region. While being unchanged in spring, precipitation shows a clear increase in winter, and even more so in fall (+99 mm/+23%). The slightly larger increase with higher elevation in winter and fall is recognisable in RG3 as well ( Figure 15, second 
Precipitation
Relative Humidity
The changes in relative humidity between the scenario period 2020-2049 and the control period 1980-2009 show a very differentiated pattern for the regions, seasons and elevations ( Figure 16 ). However, the absolute projected values of the change in humidity are rather small, ranging from −8.6% in small regions in the South-Western Alps in fall to +4.5% in the Po valley region in Northern Italy during the summer months. Even if the changes are projected to be small, there are a very distinct elevation-and season-dependent patterns of the change. Annual mean changes are slightly negative for large parts of Germany. North and south of the Alps, two bands stretching in E-W direction of slightly rising humidity appear, whereas the higher elevated parts of the Alps show a decrease in humidity. This pattern is largely the same with more pronounced differences in summer (JJA). When observing the winter (DJF) changes, the pattern is reversed, and humidity is projected to increase in the Alps and shows a relatively strong decrease in the remaining parts of RG1. During spring (MAM), the pattern is similar to the annual and summer distribution, but the decreasing band over the Alps is broader in N-S direction, and a narrower band in the central parts of the Alps appears with slightly smaller decrease than the surroundings. In fall (SON), there is a quite clear line stretching across the Alps with increasing humidity north of it, and decreasing humidity south of the line. Overlaying this pattern, there is an elevation-dependent increase in humidity change. This distinct seasonal distribution of the regional patterns leads to the seasonal differences when isolating region RG3 (Figure 16, bottom row) . Relative humidity is projected to decrease by −1.7% on average during spring (MAM), while on average increasing in the other seasons by approx. +0.6%, and being unchanged on annual average. However, besides these distinct spatial patterns, the ranges of the change signal are small throughout. 
Wind Speed
The change signal for mean wind speed is very small, and on annual average close to 0 for RG1, RG2, and RG3 ( Table 3 ). The seasonal change signals (Figure 17 ) still show discernable spatio-temporal distribution patterns in RG1. Zones of maximum increase of approx. +0.6 m/s in wind speed can be identified in the Western Alps and over the North Sea in winter and spring. Wind speed changes in RG1 are overall the smallest in summer. In RG3, no distinct seasonal distribution can be found for mean wind speeds. However, this analysis is solely considering mean wind speed conditions. There might still be changes in the intensity distribution at short time scales. 
Incoming Short-wave Radiation
Incoming short-wave radiation (Figure 18 ) is projected to decrease by −1.91 W/m 2 in RG1 (−2.94 W/m 2 in RG2 and −4.61 W/m 2 in RG3) on annual average. For all seasons and regions, change values range from a decrease of −18.94 W/m 2 in spring and summer in the Alps to an increase of +5.56 W/m 2 during summer in large parts of Germany. There is a clear elevation-dependent increase in the negative short-wave radiation change signal in spring and summer. In RG3, short-wave radiation decreases for all season with the maximum decrease of −12.22 W/m 2 in the spring months.
Considering the values being mean radiation fluxes over time, the presented changes assessed by the RCM scenario simulation are noteworthy. Jerez et al. [54] found similar results in the EURO-CORDEX ensemble with an annual decrease of about −5 W/m 2 in the Alps and a maximum decrease in spring.
Elevation-Dependency of the Climate Change Signal
The high resolution of the presented WRF simulation allows an investigation of elevationdependent effects in the climate change signal for the investigated region; 5 km or less and the implementation of non-hydrostatic equations for the atmosphere are a prerequisite for the effect to be captured [11, 21, 55] . Temperature and precipitation are key variables of particular relevance for climate impact analysis and are therefore assessed in the following. Elevation-dependent warming (EDW) results in accelerating change of mountain ecosystems, the cryosphere, the hydrological regimes and the biodiversity in the higher regions. Many evidences have been collected and documented in the recent past that the rate of climate change induced temperature increase is amplified in high altitudes, i.e., in the mountain regions of the world [20, 22] . This evidence consists of both station recordings and model simulations (see Pepin et al. [21] for a review). The most striking example for EDW has been found for 139 stations on and around the Tibetan Plateau [56] . Generally, it is noticeable that the effect is more significant for minimum than for maximum temperatures, it may be limited to a certain elevation range, and both interdecadal and regional variabilities exist [21] . For the Swiss and Austrian Alps, e.g., the trends in the mountain station temperatures were higher than at the corresponding valley site by 0.36°C per decade (Säntis/St. Gallen, 1971-2011), 0.17°C per decade (Sonnblick/Bad Gastein, 1980-2011) and 0.13°C per decade (Jungfraujoch/Interlaken, 1970 . The seasons with these maximum gradients were summer, spring, and winter, respectively [20] . This shows the high variability in the elevation-dependency of temperature trends, even in a period of general strong warming. There are several mechanisms accounting for the phenomenon of EDW, similar to the ones explaining the latitudinal amplification of the warming rates [21] : first and probably most important, (i) the snow-albedo feedback around the mean elevation of the snowline causing a decrease in snow cover duration, which in turn leads to enhanced absorption of solar radiation, resulting in higher near-surface temperature. This effect can be amplified by the deposition of dark particles. Second, (ii) the temperature sensitivity to radiative forcing is higher for low temperatures. Third, (iii) long-wave radiation non-linearly depends on specific humidity such that an increase in the latter has a disproportionally large warming effect in drier conditions typical for higher elevations. Further, (iv) increased release of latent heat above the condensation level of a warmer and moister atmosphere results in additional warming in the respective elevation. The cooling effect of aerosols, on the other hand, is reduced in the higher elevations (v). The combinations of these mechanisms and changes in cloud cover and soil moisture, or the interannual to decadal variability of large-scale circulation patterns can lead to regional differences in the resulting EDW or they can even compensate for themselves.
The elevation-dependency of temperature and precipitation change in RG1, RG2, and RG3 for annual and seasonal differences is shown in Figure 19 by displaying the single change signal of the grid cells against the respective elevation. On annual average scale, an increase in warming is discernable in RG1, and RG2, ranging from approx. +0.9°C to +1.2°C for regions higher than 1500 m ASL.
There is no such dependency in RG3. Investigating the seasonal distribution, the increase of warming with elevation in RG1 and RG2 is found in all seasons apart from winter (DJF). The dependency is the strongest in spring (MAM), rising from +0.9°C in the low elevations to +1.5°C in regions of 1000 to 1300 m ASL. However, when inspecting the values in regions higher than 1500 m ASL, there is a less pronounced second gradient from 1500 m ASL to 3000 m ASL. This particular effect can be located in Figure 14 (MAM), where a distinct band is present along the main Alpine Ridge with lower warming than the northern and southern adjacent regions, and including an isolated elevation gradient. A similar spatial feature is found in the winter months (DJF). There is no clear elevation-dependency for values lower than 1200 m ASL, and the warming signal strongly varies within these low elevations (from +0.9°C to +1.5°C) in this season. An increase in warming with elevation is found in regions higher than 1200 m ASL. Figure 14 reveals that this effect is produced by a distinct spatial pattern of the elevation-dependency. The warming signal is relatively high in the low elevated northeastern parts of RG1 with a general W-E gradient, which is overlayed by a negative warming gradient in the Northern Alps, whereas the gradient reverses at the main Alpine ridge to a positive one in the Southern Alps. These effects are reflected by the results for RG3. The region is limited to elevations up to 2000 m ASL in the 5 km WRF elevation model, and is located in the Northern Alps. The distinct increase of warming with elevation is seen in spring, and in the highest elevations in summer. In the spring months, there is a slight decreasing warming for elevations higher than 1500 m ASL. The winter months clearly show the above mentioned negative warming gradient with elevation. The general differences in seasonal changes discussed above can also be depicted in Figure 19 , e.g., the warming signal in MAM being significantly higher (approx. +1.4°C) compared to the SON signal (approx. +0.6°C). Kotlarski et al. [57] and Gobiet et al. [7] found an increase of warming with higher elevations, whereas Smiatek et al. [8] could find such a dependency only for single simulations. As stated above and by Rangwala and Miller [58] , and Winter et al. [55] , the main cause for EDW is probably a positive feedback due to shortened snow cover durations in higher elevation, and the corresponding snow-albedo feedback. With the 5 km resolution of the simulations presented in this study it is possible to resolve this feedback system which might be an explanation for finding the elevation-dependency in temperature quite clearly. This additionally underlines the need for finer resolutions in RCM scenario simulations.
For precipitation changes, the patterns are more differentiated. In RG1, and RG2, an elevationdependency is solely identifiable for the minimum annual and fall precipitation change showing increasing changes with higher elevations. The minimum change level increases from no change to an increase of +5% to +10% in the highest elevations. While lower resolved models generally show a decrease in summer precipitation over the Alps [8] an increase in high elevations was also found by Giorgi et al. [10] who attribute it to an increase in convective rainfall. A reversed relation is found only for JJA precipitation in RG3 where changes are between +5% in the lower elevations and −5% in the highest elevations. Apart from these effects, no clear elevation-dependency in precipitation change can be found in RG1, RG2, and RG3. The absent elevation-dependency for precipitation change in the Alps was also stated by Gobiet et al. [7] for the ENSEMBLES simulations, as well as by Smiatek et al. [8] for the EURO-CORDEX ensemble. 
Precipitation Intensities
A possible change in precipitation intensities at different time scales is investigated by a comparison of probability density functions (PDF) of precipitation intensities for intervals of 1, 3, 5, and 10 days between the scenario 2020-2049 and control run 1980-2009 ( Figure 20) . To obtain comparable results for the regions and aggregation time scales, the PDFs are calculated using 20 bins for each value range which results in differently sized classes for the precipitation intensities. The respective bin spacing for the domains and time aggregation scales are listed in the caption of Figure 20 . As described in Section 4.1, precipitation intensities <0.1 mm/d have been removed from the control and scenario to avoid overrepresentation of very small intensities that occur when averaging over a large region. Comparing the shape of the PDFs between the three regions RG1, RG2, and RG3, there are distinct differences. The smaller the regions is-RG3 (Figure 20 , fifth and bottom row) being the smallest-the sharper and higher maximums occur for smaller precipitation intensities. This effect only reflects the methodical approach of areal aggregation and averaging over differently sized regions. It is evident by visual inspection of the paired black curves (control and scenario simulation) that the change signal in the PDFs is very small. However, when subtracting the two PDFs (difference plots with positive values in blue and negative values in red), there is still a clear signal. The positive changes are found at the larger intensities levels for all time scales. This means that the general increase in precipitation amounts is composed by an increased probability of higher precipitation intensities, outweighing the occurring decrease of small intensities (red indicated values). Jacob et al. [9] found the same effect in the EURO-CORDEX ensemble for daily intensities over Europe. A statistically significant increase in heavy precipitation in RCM scenario projections in Central Europe and the Alps was also reported by Knist et al. [17] , Rajczak et al. [59] , and Frei et al. [50] . 
Summary and Conclusions
Regional climate simulations at a very high, close to convection-permitting resolution of 5 km at a climate time scale are conducted and validated for large parts of Central Europe, the Alps, and a high Alpine region in the German Alps using both, gridded observation datasets, as well as station data. Focus of the study are the meteorological variables temperature, precipitation, relative humidity, incoming short-wave radiation, and wind speed, which are most commonly used in impact studies. The climate change signal for these variables is analysed in detail by comparing differences in seasonal, spatial and elevation-dependent distributions between the control period 1980-2009 and the near future scenario simulation 2020-2049. The future simulation is based on IPCC scenario RCP4.5. The presented analyses are limited to only one RCM simulation for one single RCP scenario. Other than for the decades after 2050, both the different RCP emission scenarios, as well as the corresponding projected climate change signals don't differ largely for the considered period 2020-2049. However, the shown analyses are an exemplarily high-resolution climate change study only, but are instead comprehensive with respect to the regional, seasonal and elevation-dependent signal, and include the most important meteorological variables.
The reanalysis simulation reveals a very good performance in reproducing temperature for all investigated regions and scales. Averaged over the Alps, the mean bias in temperature is approx. −0.3°C. The mean annual cycle is reproduced, and temporal dynamics are captured, even when comparing results for hourly data with observations at single stations. A precipitation bias in the simulation is found over the Alps which is in the typical range of current RCM simulations (e.g., the EURO-CORDEX ensemble simulations) when comparing them to gridded observation datasets. However, the bias is shown to be smaller in RG3 when comparing the model results to station data. Here, the bias is well within the typical observation uncertainties that are attributed to precipitation recordings in Alpine regions. The results for the validation of modeled incoming short-wave radiation at the station scale reveal a good model performance, whereas results for relative humidity and wind speed vary in their accuracy, depending on the station location and the respective terrain characteristics.
For the climate change signals between the period 1980-2009 and 2020-2049 (RCP4.5), different spatial and seasonal distributions for temperature and precipitation change are found, which strengthen the findings of Smiatek et al. [8] , and Jacob et al. [9] . Beyond that, the presented 5 km resolution refines the findings, e.g., for particular seasonal and small-scale regional effects, as well as for elevation-dependencies. Additional regional patterns of changes in humidity, wind speed and short-wave radiation are found. The change in these meteorological variables are rarely assessed in current RCM studies, which are usually limited to temperature and precipitation changes. The mean warming in Central Europe is shown to vary between 0.44°C and 1.59°C with a spatial average of 0.90°C (between 0.44°C and 1.59°C, on average 0.96°C in the Alps/between 0.93°C and 1.05°C, on average 0.99°C in the Berchtesgaden Alps). The strongest increase in temperature is found during winter and spring seasons, whereas warming is less distinct in summer and fall (from 0.33°C to 0.80°C less warming in fall than in spring season). An increase in warming with elevation is found in different specific regions and seasons but is absent in others and the gradient can even change its sign. Annual precipitation is shown to change between −4% and +25% in Central Europe with an average of +6% (Alps: between ±0% and +24%, on average +10%/Berchtesgaden Alps: between +4% and +13%, on average +8%) with distinct differences in seasonal changes. In the Central and Northern Alps, the increase in annual precipitation is mainly composed of a strong increase in fall and winter precipitation at all elevation levels, whereas spring and summer precipitation is almost unchanged. Precipitation intensities show a decrease in weak intensities with an increase in strong intensities in all investigated regions. The change signal for humidity, wind speed, and short-wave radiation are small, but distinct spatial and elevation-dependent patterns are found.
The presented work aims to complement the RCM ensemble simulation efforts, e.g., the EURO-CORDEX project for Europe [9] with a high-resolution simulation for Central Europe and the Alps. A detailed validation for varied spatial and temporal scales for different meteorological target variables is performed. It cannot be concluded from the presented results that the 5 km simulation is able to reduce RCM model biases or outperform the EURO-CORDEX simulations on temporal and spatial averages. However, the validation results show the benefits of the high spatial resolution. It facilitates a direct model validation at the station scale showing mostly good results and valuable insights, despite the 5 km grid size still being too coarse to reliably represent all terrain characteristics, which affect the microclimate in Alpine regions (e.g., very small-scale mountain-valley systems, absolute peak elevations, and the respective slope gradients). Specific processes that need to be parameterized or explicitly resolved by higher resolution simulations are e.g., small-and micro-scale slope flow and wind systems, or solar surface heating that impacts diurnal cycles. These are critical to energy and mass exchange in steep terrain, and particularly impact snow-albedo feedbacks and local convection enhancement. That said, the 5 km resolution of the simulations nevertheless enables to resolve many small spatial scale features and peculiarities as the local scale and the regional scale validation with high-resolution gridded observation datasets, as well as the differentiated change signal analysis over the Alps reveal. At the moment, the spatial resolution of 5 km bridges the gap between long-term, lower resolved RCM ensembles, and single, higher-resolution (convection-permitting), but shorter-term RCM simulations. This represents the current state-of-the-art until convection-permitting, long-term RCM simulations at continental scale will be feasible. The findings in the climate change signal strengthens recent results from the EURO-CORDEX project and contributes to further refine them for regional and local climate change studies such as the presented analysis of elevation-dependencies.
